Introduction
============

Cancer is associated with a hypercoagulable state which leads to an increased risk of venous thromboembolism (VTE).^[@b1-1031549],[@b2-1031549]^ The risk of VTE varies significantly among different cancer types and is associated with an increased risk of mortality.^[@b3-1031549],[@b4-1031549]^ In contrast to VTE, much less is known on the epidemiology of arterial thromboembolism (ATE) in patients with cancer.^[@b5-1031549]--[@b7-1031549]^

It is important to identify an association between ATE and cancer because cardiovascular diseases and cancer are becoming more prevalent in an aging population and may share common risk factors and pathobiology related to inflammation.^[@b8-1031549],[@b9-1031549]^ Furthermore, recent advances in screening, diagnosis and therapy have improved the survival of many cancers, implying that the population of patients with cancer now lives longer and develops a risk for cardiovascular complications.^[@b10-1031549],[@b11-1031549]^ The risk of ATE in cancer may also be associated with anti-neoplastic treatments, known for the risk of arterial complications.^[@b12-1031549]^

As data on the epidemiology, risk and burden of ATE in patients with cancer are scarce, we conducted a study to describe the incidence of ATE, explore clinical risk factors, and investigate the impact of ATE on mortality in patients with cancer.

Methods
=======

Study design
------------

This study was performed within the framework of the Vienna Cancer and Thrombosis Study (CATS), which started in 2003 at the Medical University of Vienna. CATS is a single-center prospective observational cohort study, approved by the ethics committee (number: 126/2003, <ethik-kom@meduniwien.ac.at>), and conducted in accordance with the Declaration of Helsinki. Detailed information about the study design and procedures have been reported previously.^[@b13-1031549]^ Briefly, adult patients (≥18 years) with a newly diagnosed malignancy or progression of disease after complete or partial remission were eligible for inclusion. Patients were not included if they had received radiotherapy or surgery within the last two weeks or chemotherapy within the last three months before study inclusion. Furthermore, all patients with a thromboembolic event within the last three months or an overt bacterial or viral infection within the last six weeks before study inclusion were excluded. Patients with an indication for long-term prophylactic or therapeutic anticoagulation were excluded, but temporary treatment with low molecular heparin (e.g. for hospitalized patients) was allowed. Furthermore, patients on acetylsalicylic acid or other platelet inhibitors were not excluded.^[@b13-1031549],[@b14-1031549]^ All patients gave their written informed consent and were prospectively followed for a maximum duration of two years, until the occurrence of VTE, loss of follow up, withdrawal of consent, or death.

Until October 2013, 2004 patients were included in this study. After re-evaluation of the inclusion and exclusion criteria, 124 patients had to be excluded, because: 1) they did not fulfill inclusion (n=35) or exclusion criteria (n=60); 2) no follow up was available (n=20); 3) no material for laboratory analyses was available (n=7); or 4) patients withdrew consent (n=2). Thus, overall 1880 patients with active cancer between 17^th^ October 2003 and 28^th^ October 2013 were included in this analysis.

Outcome measurement
-------------------

Venous thromboembolism is the pre-defined primary outcome of CATS. Data on ATE were collected as a comorbid condition during the observation time. To verify diagnosis of ATE, we compiled data from: 1) the CATS database; 2) patients' follow-up letters; 3) telephone records with patients, their family members, treating oncologists/hemato-oncologists and general practitioners during follow up; 4) digital information systems of the General Hospital of Vienna and the Vienna Urban Health Care Providers; and 5) the Austrian death registry.

The primary end point of this analysis was objectively confirmed symptomatic ATE, which was defined as a composite of acute myocardial infarction (ST-elevation myocardial infarction and non-ST-elevation myocardial infarction), peripheral arterial occlusion, if treated with an interventional procedure (i.e. a catheter-based or open surgical procedure to improve arterial blood flow in non-cardiac arteries, except the intracranial vessels), and ischemic stroke. Both minor (National Institute of Health Stroke Score ≤ 3) and major (National Institute of Health Stroke Score \> 3) stroke were included.^[@b15-1031549],[@b16-1031549]^ A panel of experts in cardiology, neurology, and vascular medicine adjudicated all events based on objective evidence. Objective evidence for diagnosis included: 1) computed tomography (CT); magnetic resonance imaging (MRI) and autopsy report for ischemic stroke; 2) Doppler-sonography, digital subtraction angiography, CT-angiography, and MR-angiography for peripheral arterial occlusion; 3) electrocardiography, echocardiography (e.g. hypokinetic/akinetic and hypotrophic myocardial section without any other existing reason), cardiac biomarkers, identification of an intracoronary thrombus by angiography, and autopsy evidence for myocardial infarction. No routine screening for ATE was carried out during the study. Asymptomatic arterial thrombosis (e.g. incidentally detected stroke on restaging CT scans) was considered an event if it was considered clinically significant by members of the adjudication committee. In cases where objective diagnostic evidence based on imaging or lab results was missing, the adjudication committee decided on the basis of documented clinical evidence. The adjudication committee also classified mortality into fatal ATE and death-from-any-cause-other-than-fatal-ATE, which was the secondary end point.

Statistical analysis
--------------------

Continuous variables were summarized as medians (25^th^-75^th^ percentile), and count data as absolute frequencies (%). The reverse Kaplan-Meier method was used to estimate median follow-up time.^[@b17-1031549]^

The cumulative incidence of ATE was calculated using a competing risk estimator with 95% confidence intervals (95%CI).^[@b18-1031549]^ ATE incidences between groups were compared with Gray's tests.^[@b19-1031549]^ We assume that cancer patients are not only at risk of ATE, but are also at risk of dying from cancer. If patients die from their underlying malignancy, the risk of ATE occurrence is instantly reduced to zero. Therefore, death represents a competing risk scenario.^[@b20-1031549],[@b21-1031549]^ To address this issue, univariable and multivariable Fine & Gray competing risk regression models were used to analyze the subdistribution hazards of ATE.^[@b22-1031549]^ Overall survival was analyzed with Kaplan-Meier estimators, and hazards of death were modeled with uni- and multivariable Cox models. VTE and death-from-any-cause-other-than-fatal-ATE were considered competing events in all statistical analyses concerning the primary end point.^[@b20-1031549]^ Relative risks of ATE between patients with breast cancer and other tumor types could not be estimated because the risk of ATE was 0.0% in breast cancer patients. Thus, modeling for this comparison was performed with a generalized linear model from the Bernoulli family with an identity link.^[@b23-1031549]^

To quantify the impact of ATE occurring during follow up on mortality, we used Cox models treating ATE as a time-dependent variable (controlling for immortal time bias), and performed a landmark analysis. In the time-dependent Cox model, one day of survival time was added in one patient who developed ATE and died on the same day.

Stata 14.0 (Stata Corp., Houston, TX, USA) and SPSS 24 (SPSS Inc., Chicago IL, USA) were used to perform all statistical analyses.

Results
=======

Patients' and follow-up characteristics
---------------------------------------

The study cohort included 1880 patients with a wide range of different cancer types ([Table 1](#t1-1031549){ref-type="table"}). The majority of patients (n=1385, 73.7%) had newly diagnosed cancer, while 495 (26.3%) patients had a progressive disease after complete or partial remission. The median follow-up time was 723 days \[25^th^-75^th^ percentile (Q1-Q3): 308-731, range: 1-731\]. During the observation time 157 (8.4%) VTE events were observed and 754 (40.1%) patients died.

###### 

Baseline characteristics of the total study population.

![](1031549.tab1)

Risk of ATE in patients with cancer
-----------------------------------

Forty-eight (2.6%) patients developed ATE during the observation time. Among those patients, 19 (39.6%) non fatal myocardial infarctions, 16 (33.3%) ischemic strokes, 12 (25.0%) peripheral arterial events, and one (2.1%) fatal myocardial infarction were observed. Detailed information on cancer patients with ATE is listed in [Table 2](#t2-1031549){ref-type="table"}. The cumulative 3-, 6-, 12-, and 24-month ATE risks were 0.9% (95%CI: 0.6-1.4), 1.1% (0.7-1.7), 1.7% (1.2-2.4), and 2.6% (2.0-3.4), respectively ([Figure 1](#f1-1031549){ref-type="fig"}). While the rate of VTE was highest during the first six months of follow up and strongly declined thereafter, ATE events did not have a peak incidence, but rather occurred at a relatively constant rate ([Figure 2](#f2-1031549){ref-type="fig"}).

###### 

Baseline characteristics of patients with ATE.

![](1031549.tab2)

![Cumulative incidence of arterial thromboembolism (ATE) in patients with cancer. For estimation we used a competing risk cumulative incidence estimator. Venous thromboembolism (VTE) and death-from-any-cause were considered as competing risk events. The dashed line represents 95% confidence bands.](1031549.fig1){#f1-1031549}

![Time-dependent rates of arterial thromboembolism (ATE) and venous thromboembolism (VTE) over two years of follow up. While the rate of VTE was highest during the first six months of follow up and then declined, the risk of ATE did not have a peak and remained relatively constant during follow up. The curves were predicted with a flexible parametric regression model on the log-cumulative-hazard scale (Stata routine stpm2).](1031549.fig2){#f2-1031549}

Risk factors for ATE in patients with cancer
--------------------------------------------

In univariable competing risk regression analysis, male sex \[subdistribution hazard ratio (SHR)=2.9, 95%CI: 1.5-5.6; *P*=0.002\], higher age (SHR per 10 year increase=1.5, 1.2-1.7; *P*\<0.001), hypertension (SHR=3.1, 1.7-5.5; *P*\<0.001), diabetes (SHR=2.2, 1.2-4.4; *P*=0.020), a positive smoking history (SHR=2.0, 1.1-3.7; *P*=0.022), and a known arterial cardiovascular disease (e.g. history of stroke, peripheral arterial disease, coronary heart disease) at study entry (SHR=3.7, 1.9-7.2; *P*\<0.001) were associated with a higher ATE risk.

The body mass index (SHR=1.0, 1.0-1.1; *P*=0.115), and a prior history of VTE (SHR= 0.8, 0.2-3.5; *P*=0.814) were not associated with risk of ATE. Furthermore, dyslipidemia, which was defined as having at least one of the following diagnoses: 1) hypertriglyceridemia; 2) hyperlipidemia; or 3) hypercholesterolemia, was also not associated with the risk of ATE in patients with cancer (SHR=1.5, 0.7-3.2; *P*=0.302). Treatment with lipid lowering agents (SHR=2.9, 1.5-5.3; *P*\<0.001) or platelet aggregation inhibitors (SHR=5.0, 2.8-8.8; *P*\<0.001) at study entry was associated with ATE occurrence. Cancer stage was not associated with an increased risk of ATE occurrence (SHR=0.7, 0.4-1.5; *P*=0.398). Lung cancer (SHR=2.3, 1.2-4.2; *P*=0.009), and kidney cancer (SHR=3.8, 1.4-10.5; *P*=0.012) were associated with an increased risk of ATE. Cumulative incidences of ATE separated by cancer type are shown in [Figure 3](#f3-1031549){ref-type="fig"}. In multivariable competing risk regression analyses, age \[adjusted (adj.) SHR per 10 year increase=1.4, 95%CI: 1.2-1.7; *P*\<0.001\], male sex (adj. SHR=2.6, 1.3-5.2; *P*=0.006), and smoking (adj. SHR=2.1, 1.1-3.9; *P*=0.026) emerged as independently associated with the risk of ATE in patients with cancer when corrected for each other. After correction for age, male sex, and smoking, the association between hypertension (adj. SHR=2.4, 1.3-4.5; *P*=0.005), a known arterial cardiovascular disease (adj. SHR=2.6, 1.3-5.3; *P*=0.007), treatment with lipid lowering agents (adj. SHR=2.2, 1.2-4.4; *P*=0.013), and the use of platelet aggregation inhibitors (adj. SHR=3.7, 2.1-6.7; *P*\<0.001) at study entry and ATE remained statistically significant. Diabetes did not reach statistical significance in this multivariable analysis (adj. SHR=1.8, 0.9-3.5; *P*=0.093). Furthermore, the association between ATE and kidney cancer prevailed (adj. SHR=3.7, 1.3-10.6; *P*=0.016), whereas it did not for lung cancer (adj.SHR=1.6, 0.8-3.4; *P*=0.193). None of the 276 patients with breast cancer developed ATE during follow up (crude risk=0.0%). In contrast, 48 ATE events occurred in the 1604 patients with other tumor entities (crude risk=3.0%), for an absolute risk difference of 3.0% (95%CI: 1.0-5.0; *P*=0.004). However, breast cancer patients were significantly younger than patients with other tumors (median age 59 *vs*. 62 years; *P*\<0.001). Nonetheless, breast cancer remained associated with a lower risk of ATE even after adjusting for age (adjusted absolute risk difference=2.8%, 95%CI: 0.7-4; *P*=0.007), and also after exclusion of male patients and adjustment for age (adjusted absolute risk difference=1.7%, 95%CI: 0.1-3.3; *P*=0.035).

![Cumulative incidence of arterial thromboembolism (ATE) according to cancer type. A competing risk cumulative incidence estimator was used. For clarity, only selected tumor entities are compared. A Gray's test was used to test for differences between cancer types (*P*\<0.001), venous thromboembolism and death-from-any-cause were considered as competing risk event.](1031549.fig3){#f3-1031549}

We also investigated the cumulative impact of cardiovascular risk factors on ATE risk in patients with cancer ([Figure 4](#f4-1031549){ref-type="fig"}). We assigned one point for each of the following cardiovascular risk factors: hypertension, diabetes, known arterial cardiovascular disease, and dyslipidemia. Assuming a linear relationship between the number of risk factors and ATE risk, the SHR was 1.8 (1.4-2.2; *P*\<0.001) per point increase. This association prevailed after adjustment for age and sex (SHR=1.6, 1.2-2.0; *P*=0.001). The 2-year cumulative incidence of ATE in patients with 0, 1, 2, 3, and 4 points was 1.4% (0.8-2.3), 2.7% (1.5-4.3), 5.8% (3.3-9.3), 5.6% (1.8-12.7), and 12.5% (2.1-32.8), respectively.

![Cumulative impact of cardiovascular risk factors on the risk of arterial thromboembolism (ATE). Competing risk analysis was used to analyze the incidence of ATE, considering venous thromboembolism (VTE) and death-from-any-cause as competing risk events. SHR: subdistribution hazard ratio;CVRF: cardiovascular risk factors.](1031549.fig4){#f4-1031549}

Association between ATE and survival of patients with cancer
------------------------------------------------------------

The 3-, 6-, 12-, and 24-month overall survival estimates of the study cohort were 94.0% (95%CI: 92.8-95.0), 87.5% (85.9-88.9), 74.8% (72.7-76.7), and 57.9% (55.5- 60.2), respectively. In multistate modeling the occurrence of ATE was associated with a 3.2-fold relative increase in the risk of death from any cause \[hazard ratio (HR)=3.2, 95%CI: 2.2-4.8; *P*\<0.001). This association prevailed after adjusting for age (adj. HR=2.9, 2.0-4; *P*\<0.001), as well as age and lung cancer as an indicator for a cancer type with poor prognosis (adj. HR=2.5, 1.7-3.7; *P*\<0.001). In a land mark analysis with the landmark set at three months after baseline, 2-year predicted overall survival was 62.3% in patients who did not develop ATE during the first three months of follow up, and 24.8% in patients who did develop ATE during the first three months (Mantel-Byar *P*\<0.001) ([Figure 5](#f5-1031549){ref-type="fig"}). The median survival time of patients with cancer after ATE was only 63 days (Q1-Q3: 36-233).

![Landmark analysis of predicted overall survival according to arterial thromboembolism (ATE) status after three months of follow up. 1745 patients survived for at least three months ("landmark time"), of whom 13 had developed ATE within the first three months and had survived until the landmark time. Four patients had developed ATE within the first three months and died before the landmark time; 31 patients had developed ATE after the landmark time. "Predicted" instead of "observed" overall survival was chosen due to the small numbers of patients who had developed ATE within the first three months (n=13).](1031549.fig5){#f5-1031549}

Discussion
==========

We analyzed the cumulative incidence of ATE, identified clinical risk factors, and evaluated the impact of ATE on mortality in patients with cancer in this prospective observational cohort study. During a follow-up period of up to two years, 2.6% of patients developed ATE, defined as the composite of myocardial infarction, stroke and peripheral artery disease, which was less common than VTE. The risk of ATE was increased in patients with higher age, male sex, hypertension, and a positive smoking history. In addition, the risk of ATE varied by cancer type with lung and kidney cancer having the highest, and breast cancer having the lowest risk. We also observed that the occurrence of ATE is associated with a 3-fold increased risk of mortality. The negative impact of ATE on cancer patients' prognosis indicates an unmet need for better understanding of the burden of ATE in cancer, the identification of patients at risk of ATE, and improved strategies to prevent, treat and manage ATE in patients with cancer.

An increased risk of stroke and coronary heart disease in patients with cancer has been reported in previous studies.^[@b24-1031549]--[@b30-1031549]^ In a recent retrospective analysis of a Surveillance, Epidemiology, and End Results (SEER) and Medicare linked dataset of patients with a primary cancer diagnosis between 2002 and 2011 in the USA, the 6-month cumulative incidence of myocardial infarction and ischemic stroke was 4.7% compared to 2.2% in a matched control group without cancer.^[@b31-1031549]^ The cumulative incidence of ATE in this study was higher than in our study (4.7% *vs*. 2.6%). However, increasing age is an important cardiovascular risk factor and patients in this retrospective study were older than in our study, where outcome data were prospectively collected (median age 74 *vs*. 61 years). It is likely that an increased rate of ATE may be attributable to some degree to differences in age and also to the presence of classical cardiovascular risk factors in the studied populations. In general, estimating the true risk of ATE may be challenging in cancer patients. Nonspecific ATE symptoms such as dyspnea and chest pain are highly prevalent in cancer patients and oncologists may attribute such symptoms often to the underlying cancer, which may lead to an under-diagnosis of ATE. On the other hand, cardiologists may be reluctant to schedule cancer patients for diagnostic coronary angiographies when cancer patients have a poor performance status or are deemed to have a poor prognosis, leading to a further underestimation of the ATE burden in cancer patients. Thus, oncologists and cardiologists should maintain a relatively high index of suspicion for ATE when dealing with cancer patients with ATE-related symptoms.

The relative risk of ATE according to the cancer type in our study was similar to that of previous studies. Patients with lung and kidney cancer had the highest relative risk of ATE.^[@b29-1031549]--[@b31-1031549]^ The difference in ATE risk between cancer types may be driven by general risk factors that increase risk of both cancer and ATE, such as smoking, or by specific anti-cancer treatments, such as platinum-based combination chemotherapy, vascular endothelial growth factor (VEGF) / vascular endothelial growth factor receptor (VEGFR) inhibitors, which have been associated with increased risk of ATE.^[@b12-1031549],[@b32-1031549]--[@b37-1031549]^ Prior studies also suggested an association between metastasis and the risk of ATE occurrence, which was not confirmed in our study.^[@b29-1031549]--[@b31-1031549]^

The risk of VTE in patients with cancer varies during the course of the cancer disease. It is highest during the first six months after diagnosis of cancer and then declines.^[@b38-1031549]^ Using flexible parametric modeling, we could demonstrate that in contrast to VTE, the rate of ATE does not appear to have a peak but remained relatively constant over the whole follow-up period. Hence, long-term strategies to effectively prevent ATE in cancer patients, and especially in cancer survivors, are needed. Further research has to be conducted to investigate the optimal management strategies. In this regard, a phase I trial is currently underway evaluating aspirin and statin in patients with cancer to prevent thrombosis (*[clinicaltrials.gov](http://clinicaltrials.gov) identifier: 02285738*).^[@b39-1031549]^ We can speculate whether a primary antithrombotic prevention of ATE would have the greatest net-clinical-benefit in tumor entities with a high absolute ATE risk, such as in patients with lung and renal cancer, or in patients with individual risk factors for ATE.

The link between cancer and ATE could be explained in part by common risk factors, such as higher age and smoking. However, it is unlikely that the ATE burden in cancer patients is completely attributable to these and other general risk factors. In our study, only hypertension and a known arteriosclerotic cardiovascular disease were independently associated with the risk of ATE. We also examined the association of other cardiovascular risk factors and the occurrence of ATE in patients with cancer. Neither the body mass index nor diabetes, dyslipidemia, or prior VTE at study entry were independently associated with the risk of ATE. However, these analyses might be under-powered due to the low absolute number of patients with ATE. In contrast, the use of lipid lowering agents and platelet aggregation inhibitors were associated with ATE risk. However, previous studies show that a high pill burden, co-morbidities, and provision of care by multiple physicians compromise medication adherence;^[@b40-1031549],[@b41-1031549]^ we assume that all of these are likely to be of relevance in patients with cancer. Therefore, we cannot exclude a bias in this analysis due to a possible lack of medication adherence or persistence. Another possible explanation for the association of use of lipid lowering drugs and platelet aggregation inhibitors could be that physicians had correctly identified those patients with a high cardiovascular risk, and consequently had prescribed this medication.

Also cancer-specific risk factors such as anti-cancer treatments (e.g. radiotherapy, platinum-containing chemotherapy, treatment with monoclonal antibodies, tyrosine kinase inhibitors) are known to increase the risk of ATE.^[@b24-1031549],[@b34-1031549]--[@b36-1031549],[@b42-1031549]^ The major limitation of our study is that we were not able to specifically model the time-dependent contribution of selected cancer therapies, such as platinum and VEGF-targeted agents, to risk of ATE, because not all information on treatment regimens was available. Furthermore, patients receiving therapeutic or prophylactic anticoagulation were excluded from the study, which might mean that this study population is less representative.

Another main finding of our study was that the occurrence of ATE during follow up is associated with an increased risk of mortality. Patients who developed ATE had a 3-fold higher risk of mortality. This is consistent with a recent study that reported a 4-fold increased risk of mortality in patients with cancer and ATE.^[@b31-1031549]^ Collectively, these results demonstrate that incidental ATE is a major contributor to death in patients with cancer, and that special medical attention is needed for patients with cancer and arterial thromboembolic complications to improve their prognosis. With regard to fatal ATE, we have to mention that the rate of fatal ATE in our study cohort is lower than in non-cancer patients.^[@b43-1031549],[@b44-1031549]^ Therefore, we cannot exclude a possible reporting bias because no routine autopsies were performed in patients included in CATS and it is likely that physicians generally tend to attribute death to the underlying malignancy.

Although previous studies had a larger sample size, these data are taken from retrospective analyses, selected cancer entities or from post-hoc analyses of studies that were not designed to investigate ATE in cancer.^[@b45-1031549]--[@b48-1031549]^ To our knowledge, this is the first study in which data on ATE in cancer patients were collected prospectively. To minimize any potential bias, we retrospectively evaluated different sources for ascertainment of the ATE outcome data and a committee adjudicated all events.

In conclusion, this study used subject-level data of a well-characterized cancer cohort to define the epidemiology of ATE in patients with malignant diseases. ATE in patients with cancer is a less frequent complication than VTE. In certain cancer types, such as lung and kidney cancer, the risk of ATE is still as high as the risk of VTE. Furthermore, occurrence of ATE in patients with cancer is associated with an increased risk of mortality, calling for future clinical research efforts to better characterize patients with cancer at risk of ATE and reduce the burden of arterial thromboembolic complications.
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